Deep electron and hole trap spectra and electroluminescence (EL) efficiency of green multi-quantum-well (MQW) GaN/InGaN light emitting diodes were measured before and after 6 MeV electron irradiation. Starting with a fluence of 5 × 10 15 cm −2 , electron irradiation increased the concentration of existing electron traps with levels at E c −0.5 eV and introduced new electron traps with levels near E c −1 eV. The latter are the well known radiation defects formed in the GaN barriers of the GaN/InGaN MQW region. The degradation of the EL efficiency after irradiation correlates with changes of the E c −0.5 eV and E c −1 eV electron trap density, suggesting these are effective non-radiative recombination centers. By sharp contrast, the concentration of the dominant hole traps with levels near E v +0.45 eV decreased after, which eliminates these from the role of Shockley-Read-Hall defects actively participating in recombination. Green light emitting diodes (LEDs) based on GaN/InGaN multiquantum-well (MQW) structures continue to of great interest for displays and lighting applications. [1] [2] [3] [4] [5] The quality of these LEDs continues to improve and their external quantum efficiency (EQE) is currently 20-30%.
Green light emitting diodes (LEDs) based on GaN/InGaN multiquantum-well (MQW) structures continue to of great interest for displays and lighting applications. [1] [2] [3] [4] [5] The quality of these LEDs continues to improve and their external quantum efficiency (EQE) is currently 20-30%. 1 However, the efficiency of these LEDs is still inferior compared to blue GaN/InGaN LEDs, a phenomenon generally referred to as the "green gap". 6 This decrease in efficiency has been attributed to high In concentration, making it necessary to grow at reduced temperatures to avoid spinodal decomposition in In-rich InGaN QWs and to alleviate In evaporation from the growing surface. 7, 8 These lower growth temperatures are widely believed to give rise to inferior crystalline quality and higher density of defects with deep levels in the gap. [1] [2] [3] [4] [5] [6] Higher In concentration also leads to higher strain, higher electric polarization field, and stronger impact of the quantum confined Stark effect (QCSE) separating electrons and holes in the QW and decreasing quantum efficiency. 9 Increased In concentration enhances the magnitude of potential fluctuations, leading to strong hole localization that is thought to seriously handicap the recombination efficiency in QWs. 10 Currently, the green gap is variously attributed to a) higher density of non-radiative recombination defects (dislocations, native defects with deep levels), 6 b) detrimental action of QCSE, 9 and c) strong localization of holes inhibiting the efficiency of radiative recombination. 10 In terms of the density of extended defects, various approaches have been employed to substantially reduce the dislocation (and other defects) density in green GaN/InGaN LEDs. [11] [12] [13] [14] The detrimental influence of the QCSE has been diminished by novel strain-relief buffer structures and careful engineering of the QW design. [15] [16] [17] [18] [19] Hence, there is a growing consensus in attributing the low efficiency in the green gap to the localization effects. 10 However, recent theoretical calculations 20 suggest that gallium-vacancy-related deep hole traps can become efficient Shockley-Read-Hall (SRH) non-radiative recombination centers in In-rich InGaN as their main charge transfer level moves closer to midgap and the multiphonon capture coefficients of holes and electrons become more symmetric. In GaN such centers efficiently capture holes to their level near E v +1 eV but are inefficient in capturing electrons. [21] [22] [23] Since the equilibrium concentrations of such defects are expected to be high 20, 21 this could provide an efficient non-radiative recombination channel, handicapping the internal quantum efficiency (IQE) of LEDs. Moreover, the presence of these (and other) defects, even if they have not developed into fully fledged SRH centers but selectively trap one type of charge carrier, can contribute to a de-crease of injection efficiency and to buildup potential fluctuations and localization effects similar to those created by In fluctuations.
Controlled introduction of point defects by high energy particle irradiation of green MQW GaN/InGaN LEDs is helpful in separating the roles played by potential fluctuations and by deep traps. In this paper, we present studies of the effect of 6 MeV electron irradiation on deep trap spectra and EL efficiency of green GaN/InGaN LEDs.
Experimental
The structures were grown by metallorganic chemical vapor deposition (MOCVD) on basal plane patterned sapphire substrates (PSS). 24 They consisted of the GaN nucleation layer followed by 3 μm of undoped GaN, 5.5 μm of n + GaN (donor concentration 4 × 10 18 cm −3 ), 20-period GaN/InGaN superlattice with total thickness 40 nm (the In composition in the InGaN layers graded from 0% In at the bottom to 10% In at the top), 10 QWs of GaN/InGaN with total thickness of 160 nm, and p-GaN emitter with thickness of 160 nm. The structures were processed into LED chips 1.1 mm × 1.1 mm in size. The ohmic contact to the p-layer were made by deposition of indium tin oxide (ITO) followed by Cr/Au contact pads. The ohmic contact to n + GaN was formed by E-beam evaporated Cr/Au. The samples were characterized by high resolution X-ray diffraction (HRXRD), mainly by measuring the full width at halfmaximum (FWHM) of the (0002) symmetric and 10-12 asymmetric rocking curves. 25 The density of threading dislocations was estimated from microcathodoluminescence (MCL) band-edge imaging of the surface. 26 Electrical characterization included current-voltage (I-V) and capacitance-voltage (C-V) characteristics at temperatures between 77-400 K. Deep traps were studied by deep level transient spectroscopy with electrical (DLTS) and optical (ODLTS) injection. 27 These were performed at a probing signal frequency of 10-50 kHz to account for strong capacitance reduction at low temperatures caused by the freeze-out of holes at Mg acceptors in the p-GaN contact layer. 24, 28, 29 EL measurements were performed at 300 K as a function of drive current to assess effects of leakage current, the presence of SRH traps giving rise to non-radiative recombination at low currents, and the EL efficiency droop at high drive currents.
Irradiation was carried out using a linear electron accelerator with electron energy 6 MeV. The electron fluences used were 2 × 10 
Results
The samples showed good structural quality, with FWHM of the symmetric (0002) X-ray rocking curves of 284.4 arcseconds and FWHM of asymmetric [10] [11] [12] rocking curves of 416.6 arcseconds. 24 The dislocation density estimated from the density of dark spot defects in band-edge MCL images was about 5 × 10 8 cm −2 . The density of extended defects in these structures was typical of good quality blue LEDs. 28 The structural properties were unaffected by electron irradiation up to the highest fluence used.
The reverse current was low, while there was excess forward current at low voltage. The current in this region showed a weak temperature dependence. 24 For higher forward voltages, the ideality factor was ∼3 and the activation energy in the temperature dependence of current was 0.4 eV. Irradiation with electron fluences of 5 × 10 15 cm −2 or higher led to substantial increase of reverse leakage current, a decrease of the excessive forward leakage current at low voltages, no effect on the ideality factor in the exponential region of forward current, but slightly increased the series resistance in forward direction (Figs. 1a, 1b) .
Irradiation with electrons produced no effect on the charge concentration profiles and the position of the space charge region (SCR) edge as a function of the diode voltage. For all electron fluences, the SCR edge was below the lowermost InGaN QW at 0 V, thus to sweep the SCR edge through this lowermost QW, we increased voltage from 0.5 V to 2 V. The charge concentration profile in this QW was not affected ( Fig. 2 shows the concentration versus applied voltage profiles before irradiation and after irradiation with fluence of 1.5 × 10 16 cm −2 ). DLTS spectra before irradiation were dominated by prominent electron traps with levels close to E c −0.26 eV, with some minor contributions from electron traps at E c −0.5 eV and E c −0.75 Ev. 24 Electron irradiation with fluence of 5 × 10 15 cm −2 led to a strong increase of the E c −0.5 eV electron traps and the emergence of new E c −1 eV electron traps. The behavior of the E c −0.26 eV electron traps, which were dominant before irradiation, first decreased after fluence of 5 × 10 15 cm −2 , then stayed almost constant, and exceeded the starting value only after irradiation with 3 × 10 16 cm −2 fluence. The E c −0.5 eV traps also showed, after an initial strong increase in density, a similar plateau in the density dependence on fluence between 5 × 10 15 and 1.5 × 10 16 cm −2 . The concentration sharply increased after irradiation with higher fluences. The E c −1 eV centers showed a steady increase with electron fluence. These trends are illustrated by Fig. 3a, showing the evolution of the spectra and Fig. 3b demonstrating the changes of relative magnitudes of various electron traps peaks ( C/C, where C is the amplitude of DLTS peak and C is the stationary capacitance). Since the charge concentration profiles were not affected by irradiation, the peak amplitude C/C for each trap is a reasonable measure of the relative trap concentration changes induced by irradiation (it is difficult to convert the C/C into absolute trap concentration because the charge density in the QWs is strongly varying along the QW thickness).
The behavior of ODLTS spectra with changing excitation conditions, biasing, and irradiation was complicated. When the spectra were taken with bias of 0.5 V (i.e. with the SCR edge right below the lowermost QW) the spectra were dominated by hole traps at E v +0.45 eV and hole capture cross section of 3 × 10 −12 cm 2 (hole traps H1 in Fig. 4a) . The signature was similar for the 365 nm LED excitation (generation of electrons and holes both in GaN barriers and in InGaN QWs) and with 530 nm LED excitation (generation preferably in the QWs). For reverse bias of −0.5 V (SCR edge in the strain-relieving GaN/InGaN superlattice), the peak position was still E v +0.45 eV, but with lower apparent hole capture cross section of 2 × 10 −14 cm 2 (traps H2 in Fig. 4a) . Again, the trap signatures were similar for the 365 nm and 530 nm excitations, but the ODLTS signal C/C was much lower than with the bias of 0.5 V, and the signal was stronger for the 365 nm excitation (Fig. 4a) . Further comparisons were done with the 365 nm excitation and the LED bias of 0.5 V, i.e. preferably collecting the signal from the MQW region and mostly from the InGaN QWs.
Unexpectedly, the ODLTS signal decreased after irradiation (Fig  4b) , there appeared additional minor hole traps with levels near E v +0.45 eV with a low hole capture cross section of 3-6 × 10 and hole capture cross section of 10 −13 -10 −12 cm 2 (H4 traps). The diminished main hole trap peak split into two peaks, one similar to the starting peak and the other, with the level near E v +0.45 eV with capture cross section of 2 × 10 −14 cm 2 similar to the H2 peak observed in the virgin sample. The features were similar for 365 nm and 530 nm excitation (Fig. 4c) . Fig. 4d summarizes the relative changes of different hole traps species with irradiation as measured by C/C peak amplitudes in ODLTS. For the H2 traps the pre-irradiation value is uncertain since it could not be distinguished on the background of the high H1 traps density. We assumed the value to be similar to the value measured with high reverse voltage of −0.5 V in Fig. 4a . Only for the high dose of irradiation, when the signal from the H1 traps was strongly quenched, could the H2 peak be clearly distinguished. For the H3 and H4 hole traps emerging after irradiation, these peaks overlap with the E c −0.5 eV and E c −1 eV electron traps peaks.
The electroluminescence (EL) spectrum was peaked at 520 nm at a drive current of 350 mA. The output power at this current was 210 mW, the wall-plug efficiency (WPE) was 19%, and the external quantum efficiency (EQE) was 25%. The amount of droop was 39% (the experimental EQE is shown in Fig. 5a ). Irradiation with fluences of 5 × 10 15 cm −2 or higher led to a strong decrease of EL intensity (Fig. 5b shows the relative EL intensity at a drive current of 20 mA normalized to the starting EL value at this current). The onset of measurable EL intensity moved to higher driving currents, and after 
Discussion
The most important point is whether any particular electron or hole traps can be held responsible for the changes of electroluminescence. The E c −0.5 eV electron traps and E c −1 eV electron traps show similar dynamics to the EL intensity degradation-the concentration increases sharply after irradiation with electron fluence of 5 × 10 15 cm −2 , which coincides with the sharp decrease of EL intensity. The properties of other electron and hole traps are not compatible with them playing a significant role in EL decrease after irradiation. The concentration of the dominant E c −0.26 eV electron traps decreased after irradiation with 5 × 10 15 cm −2 electrons, while the EL signal strongly decreased at this dose. The concentration of the main hole traps H1 at E v +0.45 eV in the InGaN QWs also decreases with irradiation. The E c −1 eV traps in n-GaN are prominent radiation defects. 30, 31 They are often associated with nitrogen interstitials acceptors Ni −30,31 and have been shown to reduce the lifetimes in irradiated bulk n-GaN. 32 The E v +0.9 eV hole traps are ascribed to complexes of gallium vacancy acceptors V Ga 3− with shallow donors D, (V Ga -D) 2− , although recent theoretical calculations also suggest that the state could be the donor transition level of V Ga complexes with oxygen and hydrogen (V Ga -O-2H). 20 Such complexes in n-GaN should be effective hole traps but slow in capturing electrons. If the E v +0.45 eV traps are similar to the main hole traps in n-GaN, 29 these H1 hole traps are still far from the conduction band edge of InGaN and not expected to seriously impact the non-radiative recombination rate. 9, 20 Higher In compositions are necessary for the hole traps to become effective SRH recombination centers.
The signature of the E c −1 eV traps is similar to the major radiation defects in n-GaN, the ET12 traps. 30, 31 The recombination of injected electrons and holes on these traps in GaN barriers in the MQW region contributes to the loss of injection efficiency and to the decrease of the EL signal after irradiation. The E c −0.5 eV electron traps are reminiscent of the E c −0.56 eV electron traps in n-GaN (ET10 electron traps 31 or the Fe-related E c −0.5 eV traps). 33 Both actively participate in the SRH recombination in n-GaN. 21, 34 However, the density of Fe acceptors would not increase with irradiation, and similarly, the ET10 trap density does not change with irradiation. 32 The increase of the E c −0.5 eV concentration coincides with the decrease of the concentration of the E c −0.26 eV traps. The E c −0.5 eV traps may be the product of interaction of the in-grown E c −0.26 eV defects with primary radiation defects. The simplest reaction of that sort would be reaction of nitrogen interstitials (the E c −0.26 eV state) with radiationinduced gallium vacancies to form nitrogen antisite defects, N Ga . The second component of the radiation produced Frenkel pair in the Ga sublattice, the gallium interstitial, could recombine with the gallium vacancy complexes, producing H1 hole traps. This would explain the observed decrease of the H1 density upon electron irradiation.
The H2 traps are formed at the interface of MQW region and the superlattice region as suggested by the bias dependence of the signal. The E v +0.9 eV H4 trap is similar to the main hole trap HT1 in MOCVD n-GaN. 31 Although these are not effective recombination centers, trapping of holes on these centers could handicap injection efficiency and affect the EL because the hole emission times of the traps at 300 K are hundreds of milliseconds.
Conclusions
The spectra of electron and hole traps of green LEDs are dominated by electron traps at E c −0.26 eV and E c −0.5 eV and hole traps H1 at E v +0.45 eV. Irradiation with 6 MeV electrons for electron fluences above 5 × 10 15 cm −2 increased the density of the E c −0.5 eV traps and the emergence of new E c −1 eV electron traps. The change in the EL signal after electron fluences above 5 × 10 15 cm −2 correlates with the increase of the density of the E c −0.5 eV and E c −1 eV electron traps. Both types of defects are located in the MQW region. The E c −1 eV traps are the well known radiation defects in n-GaN formed in the GaN barriers of the GaN/InGaN QWs. These are effective SRH non-radiative recombination centers in electron irradiated n-GaN bulk crystals. Their introduction in green LEDs leads to increased non-radiative recombination of injected electrons and holes in GaN barriers and thus decreases injection efficiency. The E c −0.5 eV traps are located in the InGaN QWs and their formation at low doses is anticorrelated with the concentration of the E c −0.26 eV traps dominant before irradiation. Since the E c −0.26 eV defects are ascribed to nitrogen interstitials in InGaN, the data can be explained by interaction of these in-grown defects with the Ga vacancies produced by radiation. The E v +0.45 eV H1 hole traps are not responsible for the EL degradation after electron bombardment since their density decreases with electron fluence.
